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Abstract  
Bone response to a single bout of exercise can be observed with 
biochemical markers of bone formation and resorption. The 
purpose of this study was to examine the response of bone bio-
chemical markers to a single bout of exhaustive high-impact 
exercise. 15 physically active young subjects volunteered to 
participate. The subjects performed continuous bilateral jumping 
with the ankle plantarflexors at 65 % of maximal ground reac-
tion force (GRF) until exhaustion. Loading was characterized by 
analyzing the GRF recorded for the duration of the exercise. 
Venous blood samples were taken at baseline, immediately 
after, 2h and on day 1 and day 2 after the exercise. Procollagen 
type I amino terminal propeptide (P1NP, marker of bone forma-
tion) and carboxyterminal crosslinked telopeptide (CTx, marker 
of bone resorption) were analyzed from the blood samples. CTx 
increased significantly (32 %, p = 0.015) two days after the 
exercise and there was a tendensy towards increase seen in 
P1NP (p = 0.053) one day after the exercise. A significant posi-
tive correlation (r = 0.49 to 0.69, p ≤ 0.038) was observed be-
tween change in P1NP from baseline to day 1 and exercise 
variables (maximal slope of acceleration, body weight (BW) 
adjusted maximal GRF, BW adjusted GRF exercise intensity 
and osteogenic index). Based on the two biochemical bone 
turnover markers, it can be concluded that bone turnover is 
increased in response to a very strenuous single bout of exhaus-
tive high-impact exercise.  
  
Key words: Bone biochemical marker, jumping, bone turnover, 
osteogenic index. 
 
 
Introduction 
It has been shown that physical exercise has osteogenic 
effect. Specifically high-impact exercises, activities caus-
ing high vertical ground reaction forces including maxi-
mal jumping and leaping to vertical and onward directions 
(Nikander et al., 2006), have been shown to have osteo-
genic effects (Heinonen et al., 1996; Karinkanta et al. 
2007; Vainionpaa et al. 2005). However, it takes several 
months before exercise-induced changes in bone struc-
tural properties can be observed (Christenson, 1997). The 
state of the skeleton can be evaluated by many techniques, 
of which biochemical markers exhibit the fastest response 
to intervention while being minimally invasive (Watts, 
1999). The skeletal response to exercise can be measured 
from blood samples (Virtanen et al., 1993) and the mark-
ers can be used to estimate the bone remodeling rate 
(Ebeling and Akesson, 2001;Weisman and Matkovic, 
2005) by comparing the resorption markers to formation 
markers (Christenson, 1997). Biochemical markers of 
bone remodeling can be measured from the serum or 
urine. These markers fall into two main categories: mark-
ers of bone formation and markers of bone resorption 
(Weisman and Matkovic, 2005). The serum concentration 
of procollagen type I amino terminal propeptide (P1NP) 
reflects changes in the synthesis of new collagen. P1NP 
appears to be a dynamic and sensitive marker of changes 
in bone formation. Carboxy terminal crosslinked telopep-
tide (CTx) represents the rate of bone resorption and it 
can also be measured in serum or urine (Ebeling and 
Akesson, 2001). 
Observations of short-term responses of bone 
turnover to an acute bout of exercise in young adults 
indicate that the biochemical marker responses are exer-
cise and intensity specific, and are consequently non-
uniform (Brahm et al., 1997b; Guillemant et al., 2004; 
Kristoffersson et al., 1995; Maimoun et al., 2006; Wallace 
et al., 2000; Welsh et al., 1997; Whipple et al., 2004; 
Zittermann et al., 2002). With untrained men an intense 
bout of resistance training has been show to lead to de-
creased concentrations of bone resorption and formation 
markers, and to an increased amount of urinary calcium 
excretion (Ashizawa et al., 1998). In case of moderate 
resistance training in untrained men the decrease in re-
sorption is higher leading into positive change in forma-
tion to resorption ratio (Whipple et al., 2004). Endurance-
type exercises have produced mixed results. An acute 
bout of endurance-type exercise has been shown to stimu-
late bone resorption (Guillemant et al., 2004) and forma-
tion markers in aerobically trained men (Maimoun et al., 
2006;Wallace et al., 2000), to have no effect on bone 
markers with male and female subjects with varying fit-
ness levels (Brahm et al., 1997a) or to reduce the concen-
tration of bone resorption markers in trained and un-
trained men (Welsh et al., 1997;Whipple et al., 
2004;Zittermann et al., 2002). Similarly, short-term an-
aerobic endurance exercise has been demonstrated to 
elevate biochemical bone markers in untrained male and 
female subjects (Brahm et al., 1997b) and to have no 
effect (Kristoffersson et al., 1995) on biochemical bone 
markers in trained men. 
Previous studies have shown equivocal acute 
short-term bone responses measured from blood or urine 
samples after a single bout of loading (Brahm et al., 
1997b; Guillemant et al., 2004; Kristoffersson et al., 
1995; Maimoun et al., 2006; Wallace et al., 2000; Welsh 
et al., 1997; Whipple et al., 2004; Zittermann et al., 2002). 
Differences in bone responses to short-term exercise are 
most likely related to the various exercise types, intensi-
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ties and protocols that have been used. Furthermore, most 
of the studies in this area have not used high-impact exer-
cises, which are most likely to provoke exercise-induced 
bone responses (Turner, 1998). Therefore, the purpose of 
this study was to examine the response of bone biochemi-
cal markers to a single bout of high-impact exercise.  
 
Methods  
 
A sample of 15 young male students (age 25 (3) years, 
height 177 (6) cm, weight 75 (10) kg) served as the sub-
jects for the study. Inclusion criteria were: willing to 
participate, age from 20 to 35, full understanding of the 
study protocol and no history of any illness contraindi-
cated to exhaustive loading protocol. The subjects repre-
sented a wide range of physical activity levels ranging 
from sedentary to amateur athletes (exercising up to 6 
times/week) from a wide variety of sporting events (ball-
games, running, bicycling, rock climbing and resistance 
exercise). The studies were conducted according to the 
declaration of Helsinki with the approval of the ethics 
committee of the University of Jyväskylä. The subjects 
gave their informed written consent to participate.  
 
Protocol 
The subjects first warmed up on a bicycle ergometer for 
10 – 15 minutes with a freely chosen intensity. A fatigu-
ing bilateral jumping exercise was then performed until 
exhaustion. The subjects were instructed to jump with 
minimal knee flexion so that the ankle plantar flexors 
were the targeted muscle group in the exercise. Ten to 
twenty straight-legged continuous jumps were performed 
with increasing intensity until a steady maximal ground 
reaction force (GRF) level, corresponding to maximal 
performance, was achieved. The maximal GRF was used 
to determine a submaximal target level of 65 % of maxi-
mal GRF. The subjects were instructed to reach the target 
GRF level with each successive jump during exercise. 
Exercise was continued until the target level of 65 % of 
maximal GRF could not be reached for 10 successive 
jumps or until the subject refused to continue. During 
exercise an experimenter monitored the instantaneous 
ground reaction force and provided the subject with ver-
bal instructions to jump higher or lower. The jumps were 
conducted continuously with no intervening breaks. Ver-
bal encouragement was provided, especially during the 
late phases of the exercise. 
 
Blood samples 
A venous blood sample was taken prior to the warm-up 
(baseline) and immediately after (after) the exercise. The 
subjects returned to the laboratory for further venous 
blood sample collections two hours after the exercise (2 
hours) and for two successive days (day 1 and day 2) after 
the exercise. The follow-up blood samples were taken 
close to the same time of day as the pre-exercise meas-
urement. Subjects were instructed to avoid strenuous 
exercise for two days prior to the pre-exercise measure-
ment and during the two-day follow-up period. The sub-
jects were not asked to fast prior to blood sampling. 
 
Exercise quantification 
Bilateral jumping was performed on a custom-made force 
plate (natural frequency 140±10 Hz in the vertical direc-
tion, 90±10 Hz in the horizontal direction, linearity ≤ 1%, 
cross-talk ≤ 1%, University of Jyväskylä, Finland). The 
number of jumps was calculated manually. Exercise in-
tensity was expressed in multiples of BW determined 
from the average ground reaction force peaks of each 
jump. Both the intensity determination and the fatiguing 
exercise ground contacts were included in this average. 
The ground reaction force curves of each jump were time 
scaled to the average length of the ground contact time 
and then averaged to produce a single ground reaction 
force curve to represent the loading. The time normaliza-
tion was performed by taking the fast Fourier transforma-
tion of a ground contact reaction force and then recom-
posing the transformed data to consist of an appropriate 
number of data points. This representative ground reac-
tion force was then divided by the weight of the subject to 
produce an presentative acceleration curve. From the 
representative average acceleration curve maximum slope 
of acceleration (slope) and the area of acceleration (area) 
were calculated. Another fast Fourier transformation was 
then taken from the representative acceleration curve and 
osteogenic index was calculated as follows: 
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where 22 lll BA +=ε , Al = l:th cosine coefficient of the 
Fourier series, Bl = l:th sine coefficient of the Fourier series, 
fl = l:th frequency in the Fourier series and N = the number 
of loading cycles. Frequency content up to 50 Hz was in-
cluded in the analysis.  
 
Ground reaction force analysis was conducted with 
MATLAB® (MATLAB® the language of technical com-
puting, version 7.0.1.24704 (R14) service pack 1, The 
MathWorks, Inc.) software. 
 
Biochemical bone markers 
CTx (β-CrossLaps/serum, ECLIA assay, Roche, CV = 4.3 
%) and P1NP (total P1NP, ECLIA assay, Roche, CV = 
2.4 %) were analyzed from the venous blood samples 
with automatic immunoassay (Elecsys 2010, Roche) 
methods. The blood samples were stored at -80°C until 
analysis. The time in storage was 6 – 18 months. Bone 
marker results were adjusted for changes in plasma vol-
ume as follows: 
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[adapted from (van Beaumont et al., 1973)] 
 
where CoA = adjusted concentration, CoB = concentration 
before exercise, CoM = measured concentration, Hct2 = 
hematocrit after exercise and in the follow up measure-
ments, Hct1 = hematocrit before exercise. The ratio of 
bone formation to bone resorption markers (Christenson, 
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1997) was calculated as P1NP divided by CTx. Values 
adjusted for changes in plasma volume were used for all 
calculations and statistical analyses and the adjusted val-
ues are reported. 
 
Statistical analysis 
The data values are reported as mean (standard deviation). 
The data normality was tested with Shapiro-Wilk normal-
ity test. The distribution was not normal on the bone 
markers and thus non-parametric tests were selected for 
further analysis. A non-parametric Friedman test was used 
to determine whether bone marker differences existed 
between repeated measurements. When differences did 
exist, the follow-up measurements were compared with 
the measurements taken before using a non-parametric 
Wilcoxon test. The p-values were not adjusted for multi-
ple Wilcoxon comparisons. Correlations between exercise 
variables (number of jumps, maximal GRF, maximal 
GRF in multiples of body weight, exercise intensity in 
multiples of body weight, osteogenic index, maximum 
slope of acceleration and the area of acceleration) and the 
largest change in bone marker variables were calculated 
using the one-tailed Spearman rank correlation coeffi-
cient. The significance level was set at P ≤ 0.05 for all 
statistical analyses. Power calculations indicated that at 
the chosen 0.05 significane level with a standard devia-
tion of 15 % for the difference between before and after 
measurements, a sample size of 15 would give 80 % 
power for the study to detect a 14 % increase or decrease 
within a given variable (Vincent, 1995). For correlation 
analysis a correlation coefficient of r = 0.60 could be 
detected at a power of 80 % with the chosen sample size 
of 15 (Cohen, 1988).  
 
Results 
 
The average number of jumps in the exhaustive stretch 
shortening cycle exercise was 1250 (570) (range 520 to 
2278). The average maximal ground reaction force was 
4400 (900) N in maximal bilateral jumping, which was 
6.0 (0.7) times body weight. The intensity of the fatiguing 
exercise was 4.2 (0.5) times body weight in terms of peak 
reaction force (Figure 1). The average osteogenic index 
reached the value of 110 (26). The average maximum 
slope of acceleration during increasing force was 660 
(150) m/s³ and the area of the acceleration during ground 
contact was 4.6 (0.7) m·s-1. Bone marker results adjusted 
for changes in plasma volume are reported in Table 1. 
The P1NP values at different sampling points differed 
from each other (p = 0.013) as well as the CTx (p = 
0.008) values at different sampling points. In multiple 
comparisons a significant increase was seen from the 
baseline to the day 2 measurement (p = 0.015) in the CTx 
bone resorption marker. The average value of the increase 
was 32 %. Even though the repeated measures differed 
significantly, no significant differences in P1NP were 
observed between baseline and any of the follow up 
measurements. The biggest difference was seen on day 1 
after the exercise. However, this difference was not statis-
tically significant (p = 0.053) (Table 1). The repeated 
measures of ratios of bone formation to resorption dif-
fered significantly (p = 0.047). In multiple comparisons 
there was no significant difference from the baseline (p ≥ 
0.078) (Table 1). 
Correlations were calculated between changes in 
the bone marker values and exercise variables. The largest 
differences from the baseline values were seen at day 1 
 
 
 
 
Figure 1. A) Representative fatiguing exercise ground reaction force in multiples of body weight (which is the same as accel-
eration in multiples of gravitational acceleration) from one subject. B) The corresponding amplitudes of frequency compo-
nents obtained with fast Fourier transformation from the representative ground reaction force curve. C) Osteogenic potential 
components of frequency components of the representative ground reaction force curve. Frequency content up to 50 Hz was 
included in the osteogenic index calculations. 
A 
 
B 
 
C 
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Table 1. Biochemical bone markers before and after the fatiguing exercise and reference values obtained from literature 
(Szulc et al., 2001). Bone marker values were adjusted with plasma volume changes. Data are mean (±standard deviation). 
 P1NP [ng·ml-1] CTx [ng·ml-1] P1NP/CTx [ratio] 
Reference value 74 (29) (Szulc et al., 2001) .6 (.2) (Szulc et al., 2001)§ 123 (45) (calculated from (Szulc et al., 2001) SD calculated as the RMS of relative SDs) 
Baseline 78 (47) .51 (.23) 157 (54) 
After 85 (50) .42 (.16) 197(69) 
2 hours 78 (45) .42 (.19) 190 (55) 
Day 1 86 (46) .59 (.31) 166 (79) 
Day 2 85 (54) .67 (.36)* 145 (71) 
§ Szulc et al. (2001) reported CTx results in mmol·L-1. The units have been converted to ng·ml-1with the following equation taken from (Crofton et al., 
2002):x (ng·L-1) = y (pmol·L-1) · 138]/7.75. * signifies significant difference from baseline, p ≤ 0.05. P1NP = procollagen type I amino terminal 
propeptide, CTx = carboxyterminal crosslinked telopeptide. 
 
for P1NP and at day 2 for CTx; these values were used to 
quantify the changes in bone markers. There was signifi-
cant positive correlation between the percentage change 
in P1NP from baseline to day 1 and body weight adjusted 
maximal ground reaction force (r = 0.49, p = 0.038), body 
weight adjusted ground reaction force exercise intensity (r 
= 0.6, p = 0.012), slope of acceleration (r = 0.68, p = 
0.004) and osteogenic index (r = 0.69, p = 0.003). There 
was a significant negative correlation between the change 
in CTx from baseline to 2 days after the exercise and 
maximal GRF (r = -0.49, p = 0.039) (Figure 2). There was 
no significant correlation between the number of jumps 
and change in P1NP (r = 0.26, p = 0.174) or change in 
CTx (r = 0.26, p = 0.174). The scatterplots in Figure 2  
 
 
 
 
 
Figure 2. Correlations between ground reaction force variables and bone biochemical marker changes. GRF = maximal 
ground reaction force in bilateral jumping. P1NP = Procollagen type I amino terminal propeptide. CTx = Carboxyterminal 
crosslinked telopeptide.  
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seem to indicate markedly higher change in P1NP in one 
of the subjects. There was no methodological reason to 
eliminate this potential outlier. However, if this subject 
was removed, the correlation coefficients and P-values for 
the aforementioned correlations were as follows: 
∆P1NP% to BW adjusted maximal GRF (r = 0.36, p = 
0.112), to BW adjusted ground reaction force exercise 
intensity (r = 0.52, p = 0.032), to slope of acceleration (r = 
0.73, P = 0.003), to OI (r = 0.73, p = 0.002), and to num-
ber of jumps (r = 0.55, p = 0.020). ∆CTx% to BW ad-
justed maximal GRF (r = 0.12, p = 0.354) and to number 
of jumps (r = 0.10, p = 0.368). No other significant corre-
lations were observed between exercise variables and 
changes in P1NP or CTx (r ≤ ±0.41, p ≥ 0.075). 
Discussion 
 
The primary finding of the current study was that bone 
resorption marker CTx (Carboxyterminal crosslinked 
telopeptide) was elevated 2 days after the exhaustive 
high-impact exercise. In addition, body size independent 
exhaustive exercise variables (body weight adjusted 
maximal GRF, BW adjusted GRF exercise intensity and 
osteogenic index) and P1NP (procollagen type I amino 
terminal propeptide) bone formation marker responses 
were positively associated. The primary findings support 
the results found in some of the endurance exercise and 
short lasting dynamic activity studies (Brahm et al., 
1997a; 1997b; Guillemant et al., 2004; Maimoun et al., 
2006; Wallace et al., 2000). However, the timing of in-
creased bone resorption marker is delayed in comparison 
to the aforementioned endurance exercise studies where 
increment in resorption markers was seen within two 
hours of cessation of the exercise, whereas in this study 
the marker increase was observed two days after the exer-
cise. These findings are not completely in agreement with 
resistance training studies (Ashizawa et al., 1998; 
Whipple et al., 2004). In resistance training studies, both 
formation and resorption markers have decreased acutely 
(Ashizawa et al., 1998; Whipple et al., 2004). Instead a 
somewhat contrasting non-significant trend of increase 
was observed in bone resorption in the present study. In 
agreement with Whipple et al. (2004) the trend in change 
of the ratio of bone formation to bone resorption was in 
favour of formation whilst not statistically significant in 
this study. 
Strain rate, strain distribution and strain magnitude 
play major (Turner and Robling, 2003; Turner, 1998) 
roles in determining the bone response to loading. There-
fore, the differences in loading characteristics most likely 
explain the apparent discrepancy between the current 
results and previous results from resistance training stud-
ies. In the present study the loading characteristics might 
have been closer to, for example, running than the loading 
characteristics of resistance exercise. Even though the 
magnitude of ground reaction force, and presumably 
muscular force production was relatively high, which is 
the case in resistance exercises, osteogenic loading is 
characterized by both the magnitude and rate of force 
change. The rate of force change in conventional resis-
tance training does not match the rate of force change in 
jumping. It thus appears that division according to just the 
loading magnitude or exercise type (endurance training 
vs. resistance training) might not be appropriate. 
There was a positive relationship observed between 
the loading characteristics and the bone formation marker 
change between the baseline and day 1 follow up. No 
dependency was seen between the number of jumps and 
the bone marker response. These results are in line with 
the suggestion that strain rate and magnitude play a bigger 
role than number of loading cycles in intiating a bone 
response (Turner and Robling, 2003; Turner, 1998).  
Some recent studies have suggested that in middle 
aged women, the minimal effective loading intensity to 
achieve gains in bone strength is around five times body 
weight (Jamsa et al., 2006; McKay et al., 2005; Vainion-
paa et al., 2006) and the minimal number of loading cy-
cles needed around 60 (Vainionpaa et al., 2006). In additi-
tion, the area of the acceleration peak has been shown to 
be associated with positive bone characteristic change, 
when the area of the peak is ≥ 4 m·s-1 (Heikkinen et al., 
2007). The osteogenic index of the exercise in the current 
study, imposed during a single bout of loading, is compa-
rable to the osteogenic index of walking 20 minutes for 5 
days a week, which appears to be osteogenic in early 
postmenopausal women (Asikainen et al., 2004). Osteo-
genic index caused by walking 20 minutes for 5 days a 
week was estimated to consist of 800 loading cycles 
(Turner and Robling, 2003) and the ground reaction force 
pattern was reproduced from the results by Schneider and 
Chao (1983) (Schneider and Chao, 1983). However, even 
though the osteogenic index accounts for the loading 
frequency, magnitude and rate, it is unclear if comparison 
between a single bout and several bouts of exercise is 
reasonable. Furthermore achieving higher loading magni-
tude than the one obtained in the current study cannot be 
achieved without impact forces or external weights. The 
highest Achilles tendon forces have been recorded during 
continuous submaximal bilateral jumping (Komi et al., 
1992), in which case there is no impact spike as can be 
seen from figure 1. The Achilles tendon forces in sub-
maximal hopping exceed the forces measured during 
maximal sprinting and jumping activities (Komi et al., 
1992; Kyrolainen et al., 2003). Even though there is some 
evidence from cross-sectional studies that impacts are not 
needed for bone gains (e.g. high bone strength in slalom 
skiers in lower limbs (Nikander et al., 2008), high bone 
strength in swimmers in upper limbs (Nikander et al., 
2006)) it is not clear if impact forces are required for 
osteogenic effects. The loading characteristics and the 
volume of the exhausting exercise in the current study 
were such that the exercise can be assumed to have been 
osteogenic.  
 
Limitations 
The ratio of bone formation to resorption markers, which 
can be considered to reflect the balance between forma-
tion and resorption (Christenson, 1997), did not change 
significantly during the follow up period. However, it can 
not be ruled out that there might have been a change, 
which was not detected because of insufficient statistical 
power. The non-significant change from baseline to 2 
hours after exercise was 19 %, which is above the change 
Bone marker loading response 
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threshold of the preliminary statistical power calculations. 
The observed variation was, however, markedly higher 
(observed variations in change were 210 % and 125 % for 
P1NP and CTx respectively) than what was used for 
power calculations and thus the possibility of insufficient 
statistical power cannot be ruled out. Furthermore, bone 
biochemical markers were only followed two days post 
exercise and the bone remodeling cycle takes 2 to 3 
months (Watts, 1999), so the amount of overall change in 
bone turnover, and the resulting overall change in bone 
characteristics could not be determined from the results of 
the present study. Nevertheless it appears that a single 
bout of loading is effective in causing changes in bone 
turnover, and that this activation of bone turnover can be 
observed from blood samples.  
Biochemical bone markers at baseline were in line 
with values previously measured from young healthy 
males (Guillemant et al., 2004; Maimoun et al., 2006; 
Szulc et al., 2001). Possible changes in bone marker basal 
level or the diet of the subjects were not controlled in the 
current study. However, although circadian variation of 
up to 50 % exists in bone markers (Ebeling and Akesson, 
2001), no significant day-to-day variation has been seen 
in CTx (Zittermann et al., 2002), or P1NP (Munday et al., 
2006) levels when the samples have been collected at the 
same time of day. In the aforementioned studies the diet 
was controlled for. It is also known that loading history 
affects bone remodelling (Kato et al., 2006; Rubin and 
Lanyon, 1984; Turner and Robling, 2003; Umemura et 
al., 2002) and could thus affect the observed biochemical 
response. In the present study, however, long-term load-
ing history of the subjects was not controlled. To mini-
mize the effect of loading history, the exercise bout was 
continued until exhaustion, to have relatively comparable 
loading independent of the training status of the subject. 
One additional limitation is that the subjects did not exer-
cise at the same time of the day, which might have af-
fected the observed response even, when the follow up 
samples were then collected corresponding to the exercise 
time of day of the individual. 
 
Conclusion 
 
In conclusion, considering the two biochemical bone 
resorption and formation markers that were assessed, it 
can be concluded that bone turnover is increased in re-
sponse to a very strenuous single bout of high-impact 
exercise.  
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Key points 
 
• Studies on bone acute biochemical response to load-
ing have yielded unequivocal results. 
• There is a paucity of research on the biochemical 
bone response to high impact exercise. 
• An increase in bone turnover was observed one to 
two days post exercise. 
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